We have previously reported that prior exercise increases the oxidation of dietary monounsaturated fat in comparison to rest when the fat is given in a mixed meal 30 min following the completion of exercise. In this study, we determined whether the increase in dietary fat oxidation after exercise persisted when the time between exercise and fatty acid administration was lengthened. DESIGN: Six female subjects (age ¼ 2470.1 y, BMI ¼ 2171 kg/m 2 ) were recruited for a total of six visits each. During three visits, a stationary cycle exercise session (1250 kJ) was performed at 65% VO 2 peak in a whole-body calorimeter; while during three other visits, exercise was replaced with rest. Subjects received [1-
Introduction
Physical activity has long been associated with improved weight control. For example, a recent cross-sectional study has found that individuals with higher daily levels of physical activity were leaner than their sedentary counterparts, 1 and a prospective study demonstrated that baseline activity levels were associated with lower body weights after B5 y at follow-up. 2 Furthermore, exercise has been shown to have a protective effect against weight regain in several populations of post-obese women such that those women with a physical activity level of greater than 1.75 are more successful in weight maintenance over a one year period than women who are more sedentary. 3 The mechanism for this effect is not entirely clear, but may be related to the effects of exercise on fat metabolism. Recently, Toth and Tchernof 4 have suggested that alterations in the partitioning of fat towards oxidation may play a significant role in the age-related increases in adiposity, and we have recently provided evidence that exercise, compared to rest, alters the partitioning of dietary fat towards oxidation rather than storage. 5, 6 This ability to alter the partitioning of dietary fatty acids towards oxidation is possibly one of the beneficial effects of exercise, and may play a role in the protective effects of exercise against obesity and/or weight gain. The effect of exercise on fat oxidation is seen when stable isotope-labeled fatty acids are administered as part of a meal shortly after exercise. Interestingly, the increase in dietary fat oxidation following exercise appears to be fatty acid type dependent. The monounsaturated fatty acid, [1- 13 C]oleate, showed increased oxidation when ingested shortly after an exercise bout compared to rest, while oxidation of the saturated fatty acid, [d 31 ]palmitate did not. 5, 6 In contrast,
Gill et al 7 did observe an increase in palmitate oxidation when it was administered in a breakfast meal following a large volume of exercise performed the previous day. These observations may indicate a variation in the time course of the partitioning of fat towards oxidation in response to prior exercise. The purpose of this study was to compare the effects of longer intervals before dosing on the utilization of dietary fat following a bout of moderate intensity exercise or rest.
Moderate intensity exercise was used because of its documented effect on fat oxidation from several pools (ie, plasma-free fatty acids and muscle triglycerides). 8 We provided subjects with an oral dose of [1- 13 C]oleate and [d 31 ]palmitate at 0.5, 3.5, or 9.5 h postexercise or rest and followed the recovery of the labels for 13 h. 5, 6 As in our previous work, oleate and palmitate were chosen because they are the most common fatty acids in the US diet. 
Subjects and methods

Subjects
Nine young female subjects were recruited to participate in six visits each to the University of Wisconsin Hospital and Clinics (UWHC) General Clinical Research Center (GCRC). One subject withdrew from the study after screening due to time constraints. Two subjects completed only three visits (exercise treatments) and their data are not included in our analyses. Subject characteristics are available in Table 1 . Two additional subjects were recruited to participate in one visit each without receiving the labeled fatty acids to serve as a measure of background 13 CO 2 variation with meal times and exercise. The subjects were thoroughly briefed on the experimental protocol and a signed consent form was obtained. Subjects were also required to pass a physical exam and fill out a physical activity readiness form prior to participation. 10 The Human Subject Committee of the University of WIFMadison approved the protocol and subjects gave informed written consent. The overnight stays of the protocol took place at the GCRC. The Pulmonary Function laboratory of the UWHC performed the exercise stress test. No medication, smoking, alcohol, or caffeinated beverages were allowed during the test days of the protocol. Subjects were, however, allowed to continue taking birth control medication. Subjects who were very sedentary or who regularly participated in Z3 h/week of vigorous physical activity were excluded from the study. Additionally, those individuals with a physical disability, including metabolic disease, which would interfere with the performance of the exercise or the data measurements, were excluded. Any subject not approved for physical activity by a physician or who had an abnormal response to the exercise stress test was excluded.
Protocol
At the start of their enrollment in the study, subjects participated in a VO 2 peak exercise stress test on a cycle ergometer. A three-lead ECG was used to monitor heart rate while subjects were cycling. During the test, the pedal resistance was increased 20-40 W every 2 min, based on the subjects' estimated fitness level. Subjects were asked to continue cycling until exhaustion. Achievement of VO 2 peak was determined to be at a respiratory exchange ratio (RER) of greater than 1.1 and a heart rate within 90% of the predicted maximum heart rate. 11, 12 At least 1 week after completing the exercise stress test, subjects were required to visit the GCRC to participate in their first visit. All visits took place during the first 2 weeks of the subjects' menstrual cycles, and were each at least 1 month apart. Three of the visits included a bout of moderate intensity (65% VO 2 peak) exercise (E) on a cycle ergometer, and during three visits subjects performed no exerciseFthat is, rested (R). Subjects were weight stable during the period required for the six visits (average s.d. ¼ 0.7 kg, largest range ¼ 2.7 kg). Fitness was not remeasured between the multiple visits, but none of the subjects reported changing their physical activity patterns.
For 1 day prior to when the subjects entered the GCRC, they were provided with microwaveable meals for breakfast, lunch, and dinner as detailed below. Subjects were asked not to participate in any moderately heavy or vigorous physical activity on the day they entered the GCRC. At 1800, subjects were admitted to the GCRC after a fast of at least 5 h. They were asked to provide a breath and urine sample for the measurement of baseline 13 CO 2 and 2 H 2 O. Additionally, subjects were asked to fill out a physical activity recall for that day to ensure that they had not participated in any structured or moderate to vigorous physical activity that day. 13 During their first visit, subjects were also given a dose O (0.4 g/kg estimated total body water) for the calculation of total body water (TBW) from urine 18 O. At 1900, subjects were provided with a research meal, and at 2100 subjects, who were participating in an exercise session were given a 1250 kJ snack, detailed below, to compensate for the energy to be expended in exercise the next day. Subjects were asked to sleep at the GCRC at 2300. At 0645, subjects were awakened and allowed to shower. At 0800, subjects entered the human respiratory chamber for 23 h. Between 0830 and 0930, subjects either exercised on a preprogrammed cycle ergometer at a moderate intensity (65% VO 2 peak) for 30-45 min (three visits) or rested quietly for that time period (three visits). All exercise was calculated to expend 1250 kJ above rest and ended at 0930. Depending on the visit, subjects received the labeled fatty acids, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] oleic acid (10 mg/kg) and [d 31 ] palmitic acid (15 mg/kg), in a liquid drink as part of their meal at 1000 (BFbreakfast), 1300 (LFlunch), or 1800 (DFdinner). In all, each subject participated in six GCRC visits: RB, RL, RD, EB, EL, and ED. Subjects remained in the chamber until 0700 the next day. They were asked to briefly stand and engage in light activity at least every hour to prevent them from being completely sedentary. Aside from the three main meals, subjects also received a snack at 2100. Subjects were asked to sleep in the chamber at 2300. They were awakened at 0300 and again at 0600 for specimen collection.
Subjects were required to provide breath samples for the measurement of 13 CO 2 hourly after the breakfast meal. Additionally, subjects were asked to provide urine samples every 4 h from 0800 to 2300 for the measurement of 2 H 2 O. 12 Breath and urine samples were also taken at 0300, 0600, and 0700. Aliquots of all additional urine produced were collected as well. Total urine volume while in the chamber was noted for the calculation of nitrogen excretion.
The end recovery of [1-
13
C] acetate from a separate study in our laboratory was used to correct the end cumulative recovery of [1- 13 C]oleate in order to more accurately compare oleate and palmitate values. [1-
C] Acetate recovery 7.5 h postdose was 46.072.1% for moderate exercise and 49.272.8% for rest. The area under the terminal elimination rate was extrapolated from 7.5 to 13 h postdose. This resulted in a correction factor of 47.4% after moderate exercise and 51.5% after rest. Use of group averages for acetate correction using bolus, oral dosing has provided more reproducible results in our hands than individual corrections.
5,6
Meals Prior to admission to the GCRC, subjects were provided with microwaveable meals for 1 day in order to ensure that intake was controlled before entry into the GCRC. Energy intake for free-living conditions was calculated as resting metabolic rate (RMR) as calculated from the WHO equation for women 14 times an activity factor of 1.8. 15 All meals were calculated to be 30% fat, 15% protein, and 55% carbohydrate. Subjects were asked to eat only to satiety and to provide a written record of what they consumed.
Upon admission to the GCRC, subjects were provided with research meals from the UWHC kitchens. All meals were designed to provide 30% fat, 15% protein, and 55% carbohydrate, and the energy intake was determined as RMR times an activity factor of 1.4 in the respiratory chamber. The ratio of saturated to unsaturated fatty acids was 1 : 1. Subjects were given 30% of their energy intake at breakfast, lunch, and dinner, and 10% at an evening snack in the chamber. A portion of the chamber breakfast, lunch, and dinner meals was a liquid replacement meal (Boost High Protein; Mead Johnson), which was heated to 401C prior to serving to provide better mixing of the labeled fatty acids. While staying at the GCRC, subjects were required to eat all of the food provided to them.
Respiratory chamber
The respiratory chamber at the UW-GCRC was modeled after the chamber in the Department of Human Biology at Maastricht University in the Netherlands 16 and has previously been described. 5 The proper functioning of the chamber is confirmed by a series of monthly checks. 
Sample collection and analysis
Breath samples for the collection of 13 CO 2 were taken hourly after the labeled fatty acid dose following a method previously described. 5 Briefly, subjects exhaled through a straw into a 15 ml red top (no additive) Vacutainert (Becton Dickinson, Franklin Lakes, NJ, USA), which was then capped, and breath CO 2 was sampled directly from the Vacutainert with a syringe for the measurement of 13 CO 2 / 12 CO 2 with continuous flow isotope ratio mass spectrometer (IRMS) (Delta S, Finnigan MAT, Bremen, Germany). Each sample was injected twice for isotope ratio analyses, with an average standard deviation for all injections of 0.06 permil (%) (Del permil (d) ¼ (R U /R STD À1)1000, where R ¼ 13 C/ 12 C). Excess 13 C was calculated relative to baseline breath CO 2 prior to label administration and was corrected for natural fluctuations in 13 C-breath content that occurs as a function of meals. 17 The 2 H was measured in urinary water samples collected every 4 h while in the chamber, as previously described and validated for measurement of fatty acid oxidation. 18 After being decolorized with carbon black, urine samples were analyzed for deuterium content as a ratio of 20, 21 Urinary nitrogen concentration was determined using the Antek 9000N Chemiluminescent Nitrogen analyzer (Antek Instruments, Inc., Houston, TX, USA). The volume of all urine produced while in the chamber was recorded. For each subject, the urine aliquots were proportionally combined to obtain a representative sample of urine output for the entire chamber stay, diluted 1 to 100 in distilled water, and nitrogen concentration was measured against a calibration curve with known concentrations of urea (10-100 ppm).
Label calculations
Recovery of 13 CO 2 was calculated hourly after ingestion of the [1-
13
C]oleate, as previously described. 5 Two baseline breath samples were taken: one upon admission to the GCRC (1800) and the following morning (0730). Each time point postdose is expressed as a permil increase above the subjects' own baseline. The
CO 2 values of the control subjects were subtracted from those of the labeled subjects to correct for background variation. The peak background change from baseline was 2.1% compared to an average peak enrichment of 10.4% after a 10 mg/kg dose of [1-13 C] oleate.
An error in the study design resulted in the lunch dose time end point recovery being collected at 14 h, rather than 13 h, postdose. Therefore, we interpolated the 13-h postdose recovery values for those subjects using the natural log of the recovery between 9.5 and 14 h postdose to determine individual 13 h recovery for each subject. The difference in cumulative recovery between the 13-and 14-h time points for the lunch dose trial was less than 1% of the dose and thus this interpolation is unlikely to introduce much error.
Cumulative recovery of deuterium from palmitic acid oxidation was measured in urine samples. When oxidized, the deuterium appears as water and mixes with the body water pool providing a cumulative record of fat oxidation that has been validated against acetate corrected 13 C palmitate. 18 As with the breath samples, baseline urine samples were obtained upon admission to the GCRC as well as upon entry into the respiratory chamber. Recovery was calculated as excess 2 H times TBW divided by the dose of 2 H administered as previously described. 5, 6 Statistical analysis All statistical analyses were completed using StatView Version 5.0.1 (SAS Institute Inc., Cary, NC, USA). Each of the six subjects served as her own control. Therefore, a repeated-measures analysis of variance (RM-ANOVA) was used. The time of dose was taken to be the dependent variable. When a significant interaction was shown by the ANOVA, a Fisher's PLSD test was used to correct for multiple comparisons. All values are presented as mean7s.e.m. and a P-value of less than 0.05 was considered significant.
Results
The six female subjects who received the labeled fatty acids and completed all visits of this study were young (2470.1 years), of normal body mass index (20.570.03 kg/m 2 ), and untrained (VO 2 peak ¼ 36.671.5 ml/kg/min). Additional subject characteristics are provided in Table 1 . Total energy intake during the entire GCRC stay (37 h) was 12.270.1 MJ for the exercise visits and 11.070.1 MJ for the rest visits (Po0.0001). Energy and macronutrient intake during the stay in the respiratory chamber was similar for both rest and exercise visits (Table 2) . Subjects scheduled for exercise, however, received a 1.2 MJ snack at 2100 on the first evening in the GCRC, which is not included in the totals for Table 2 .
Indirect calorimetry
The time period of the moderate exercise session or rest and recovery (0800-1000) in the chamber was analyzed separately for each trial to ensure that the exercise sessions were of similar energy expenditure and that they were greater than rest. Indeed, this was the case, as energy expenditure, NPRQ, and substrate use were greater during exercise than rest, but did not differ within exercise and rest visits. The 2-h expenditures averaged 1792758 and 604720 kJ for rest and exercise, respectively. The NPRQ averaged 0.7370.02 and 0.8470.01 for rest and exercise, respectively.
For each trial, indirect calorimetry values were analyzed for the 13-h period following each dose. The time periods were 1000-2300, 1300-0200, and 1800-0700 for the breakfast, lunch, and dinner dose times, respectively. The energy expenditures for the postdose periods are shown in Figure 1 . Energy expenditure during the exercise-breakfast (EB) postdose period was significantly greater than during both the lunch (EL, þ 714 kJ vs EB) and dinner (ED, þ 1621 kJ vs EB) postdose periods (Po0.0001). Likewise, the energy expenditure during the 13-h following the lunch dose was greater than the dinner dose (Po0.0001). A similar pattern of postdose energy expenditure was seen during the rest visits Fatty acid oxidation postexercise SB Votruba et al ( Figure 1b ). This is likely due to the decreased energy expenditure of the subjects while sleeping (2300-0600). Furthermore, exercise visits resulted in greater energy expenditure during the postdose periods than the rest visits by þ 789, þ 433, and þ 201 kJ for breakfast, lunch, and dinner trials, respectively. NPRQ during the rest postdose periods was significantly greater after the breakfast dose (RB) than the dinner (RD) dose (0.8570.01, 0.8470.01, and 0.8270.01 for breakfast, lunch, and dinner; Po0.01), yet this effect was not seen in the exercise visits (0.8370.01, 0.8270.01, and 0.8270.01 for EB, EL, and ED, respectively).
Stable isotope recovery
The percent of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]oleate dose recovered per hour for each dose time and exercise/rest group is shown in Figure 2 . The patterns of recovery are similar for the breakfast and dinner dose times, regardless of prior exercise. Following the lunch dose, a large peak in recovery is seen at 6 h postdose after both rest (RL) and exercise (EL), which is 1 h after the dinner meal. The RM-ANOVA for the cumulative recovery of [1- 13 C]
at 13-h postdose was significant at Po0.0005. Values for the cumulative oxidation of oleate at 13-h postdose are given in and dinner, respectively). Furthermore, palmitate oxidation after the breakfast dose of the rest trial was significantly greater than of the exercise trial (Po0.05), although this is more likely a result of our small sample size than of physiological significance.
With our data, we can estimate the amount of total fat oxidation that can be attributed to exogenous fat oxidation based on the 13 h postdose oxidation of oleate and palmitate and the known intakes of saturated and unsaturated (mono-and poly-) fats. In both the rest and exercise trials, combined saturated and unsaturated fat intake averaged 64.4 g for the 24 h in the chamber. This value can be combined with the meal-specific percent oxidation values of the oleate and palmitate during the rest and exercise visits ( Table 3 ) to calculate that exogenous fat oxidation equaled 19.5 and 25.6 g, respectively. Furthermore, based on our indirect calorimetry data, we can calculate 24-h whole-body fat utilization at 83.2 and 116.4 g for rest and exercise, respectively. Thus, we calculate that adding exercise increases whole-body fat oxidation by 32.2 g over the chamber stay. Of this increase, 12.1 g were utilized during the 2-h exercise period and 20.1 g were utilized during the postexercise period (1000-0800). Of the 20.1 g increase in wholebody fat oxidation, 6.1 g or 30% of the increase is attributable to dietary fat oxidation.
Discussion
This study confirms the observed effect of a 1250 kJ bout of exercise on dietary oleate oxidation and its lack of effect on dietary palmitate seen in our previous studies 5, 6 and extends those observations by demonstrating that the effect for oleate persists for all three meals of the day. We have a novel observation of a diurnal variation in the oxidation of the dietary fatty acid. This effect is independent of prior moderate intensity exercise for palmitate, but exercise dependent for oleate, as the increase in oxidation was only significant following exercise, although there was a trend in the rest trial. These findings are pertinent to the study of obesity in that changes in exercise and/or dietary fat intake patterns may help prevent weight gain by increasing the partitioning of dietary fat to oxidation. Previous studies in our laboratory have shown that when [d 31 ]palmitate is administered 30 min following the completion of a 1250 kJ exercise bout, no increase in oxidation above rest was detected. 5, 6 This extends that finding to longer times and additional meals after the exercise. Thus, the inclusion of longer delays between exercise and dosing does not explain the absence of an exercise effect on palmitate oxidation in our studies compared to the finding of Gill et al, 7 who reported an increased palmitate oxidation of about 5 percentage points when the labeled meal was administered about 16 h after the exercise. With only six participants in the present study, however, we had sufficient power to detect a consistent increase of 5 percentage pointsFthat is, 22-27% of dose, but cannot rule out the possibility of a type 2 error. We speculate that the difference between the two findings relates to the use of an exercise bout about 3 MJ in the study of Gill et al compared to 1.2 MJ in our study.
In this current study, we utilized moderate intensity exercise, which has frequently been shown to rely heavily on muscle triacylglycerols for fuel, [22] [23] [24] and depletion of this fuel store during exercise would imply repletion during recovery. We speculate that this increased oxidation postexercise may reflect trafficking of fat to the muscle. It has been shown that skeletal muscle lipoprotein lipase signal and activity increases transiently in the 4-24 h following moderate exercise, [25] [26] [27] providing a means for dietary fatty acids to readily enter the muscle tissue. Furthermore, reports have shown that repletion of the muscle triacylglycerol stores following exercise is dependent on the macronutrient composition of the diet. 28 In particular, a high fat diet (55% fat) leads to complete recovery of previously depleted muscle triacylglycerol stores at 30 h postexercise, while a low fat diet (15% fat) does not. The diet provided in our study was a moderate 30% fat, and perhaps not high enough to quickly replenish any previously utilized muscle triacylglycerol. If the stores were repleted early during recovery, we would expect to see a decrease in oleate oxidation with later dose times. The essentially equal oxidation of oleate across dose times suggests that skeletal muscle triacylglycerol pool repletion was not yet complete by the dinner dose time or that repletion itself does not regulate dietary fat oxidation. Both palmitate and oleate traverse through the lymphatic system prior to processing in the liver. Therefore, both fatty The difference in the oxidation of dietary monounsaturated and saturated fatty acids has been previously reported. 31 Several accounts in humans have also shown that dietary fatty acid oxidation is related both to chain length and degree of saturation. 32, 33 In general, longer chain length in saturated fatty acids results in decreased oxidation, while oxidation increases with increasing degree of unsaturation. Schmidt et al 13 provided further evidence for the differential oxidation of oleate and palmitate. In their study, they corrected labeled fatty acid appearance in the breath with label appearance in chylomicrons, thereby controlling for potential differences in digestion and absorption, and reported a greater fractional oxidation of oleate than palmitate. The reasons for a diurnal variation of palmitate oxidation are somewhat unclear, but the postdose periods used in the study may offer some insight. The later dose time periods consist of a greater amount of time spent sleeping and in the postprandial stage. This would be expected to increase fat oxidation (increased period of fasting). This is the effect we see for palmitate and oleate oxidation specifically, but not the whole-body fat use. Examining our estimates of exogenous vs endogenous fat use suggests that the contribution of dietary fats to total fat oxidation decreases at later dose times, despite an increased or stable oxidation of palmitate and oleate over the same time course. This further implies differential oxidation of both endogenous and exogenous fats as well as specific dietary fatty acids, and that the handling of different fats in the body is not only altered by prior exercise but also time of day.
One limitation of study, however, is the unusual increase in energy expenditure during the postexercise trials (EB-RB difference is 790 kJ). The increases are larger than would be expected based on previous studies for this volume of exercise. 5, 6 This increase in expenditure does mean that some of the increase in fat oxidation would simply be due to the need to support the ATP synthesis. We do not think, however, that this accounts for increase in dietary fat oxidation observed in this study, because the increase seen after the breakfast meal is very similar to our previous reports. 5, 6 In that study, the increase in energy expenditure in the prior exercise treatment was only 500 kJ over 11.5 h compared to rest and the percent increase in dietary oleate oxidation was 21 percentage points over 11.5 h. This is similar to, and possibly larger than, the difference in dietary oleate oxidation seen between exercise and rest following the breakfast dose time in this study (16 percentage points).
The difference between the rest and exercise trial energy expenditures in the postdose periods decreased later in the day and therefore post lunch and dinner results should not be impacted by this difference. The effect does not appear to be a result of insulin secretion with meals because it has been shown that insulin secretion in response to a meal increases or remains the same when the meal is given later in the day, 34, 35 suggesting that the insulin-related suppression of fat oxidation should be less or similar following breakfast, lunch, and dinner. Furthermore, the size and carbohydrate content of a meal has also been shown to affect insulin secretion, yet the macronutrient composition and percent of total energy intake is the same for all our dose times, and it is unlikely that a significant difference in insulin secretion would result. 36 Although we could not identify a mechanism at this time to explain the increased partitioning of dietary oleate to oxidation after exercise, the findings of the current study and our previous studies 5, 6 do suggest that at least some of the protective effect of exercise on weight control may be due to the altered trafficking. 37 The results indicate that the level of exercise is not as important as the volume of exercise, as long as a difference in energy balance can be maintained over the long term. In addition, our findings suggest that individuals attempting to control weight with exercise would benefit with the replacement of dietary saturated fats by monounsaturated fats. This is one of the first studies that have examined the effect of dose time on the utilization of stable isotope-labeled dietary fatty acids following previous exercise or rest. We have found that palmitate oxidation exhibits a diurnal variation that does not appear to be related to prior exercise. Furthermore, oleate oxidation remains relatively high, even at dose times later in the day. The oxidation of oleate also increases with prior exercise compared to rest, clearly indicating an alteration in the partitioning of oleate to oxidation over storage due to the effects of exercise.
